The light-dependent composition change of light harvesting bacteriochlorophyll(BChl)s in the present culture of a green sulfur photosynthetic bacterium Chlorobium (Chl.) vibrioforme f. sp. thiosulfatophilum strain NCIB 8327 was investigated by visible absorption spectroscopy and HPLC analyses. When the culture was repeatedly grown in liquid media under a low light condition, both the Soret and Qy absorption bands of the in vivo spectrum were shifted to longer wavelengths. Analysis of the extracted pigments by HPLC revealed that the ratio of the amount of BChl-c to that of BChl-d molecules gradually increased during repeated cultivation. In contrast, when the culture grown under a low light intensity was transferred to a high light condition and continued to be grown, the absorption bands were shifted to shorter wavelengths and the ratio of BChls-c/d decreased finally to the almost original value. Colonies were prepared on solid agar media from the liquid culture containing both BChls-c and d, which was grown under a low light intensity. Each colony obtained was found to contain either BChl-c or d, but not both of them. Two types of cells isolated in this study were derived from the same clone, judged from their genetic analyses. The variation of pigment composition in our liquid culture observed here could be ascribed to the difference of growth rates between two substrains containing BChl-c and BChl-d, respectively, depending on light conditions.
Green photosynthetic bacteria have unique extramembranous antenna complexes called chlorosomes.
In chlorosomes, bacteriochlorophyll(BChl)s-c, d, or e form self-aggregates which serve as light-harvesting apparatus for energy transfer to a reaction center complex. 1, 2 Figure 1 shows molecular structures of the BChls-c and d existing in green sulfur photosynthetic bacteria. BChl-c possesses a methyl group at the 20-position (R20 = CH3), whereas the position is unsubstituted in BChl-d (R20 = H). The methylation at the 20-position is responsible for red-shift of both Soret and Qy absorption bands in cells. [3] [4] [5] In addition, neither BChls-c nor d in green sulfur bacteria is a single molecular form, but a mixture of components that vary in the methylation at the 8 2 -and 12 1 positions (homolog) and in the stereochemistry of the 3 1 -position (epimer), as well as in the esterifying alcohol at the 17-propionate. 1, 2 The in vivo homolog composition of chlorosomal BChls has been shown to be easily changed by growth conditions. [6] [7] [8] The spectral properties of the in vitro chlorosomal BChl aggregates are dependent on the substituents at the 8 2 -and 12 1 -positions. [9] [10] [11] [12] [13] [14] The variation of chlorosomal BChls, therefore, seems to modulate the spectral features of chlorosomes.
Green sulfur bacteria are generally assumed to contain only one type of chlorosomal BChls: Chl. limicola contains BChl-c, and Chl. vibrioforme contains BChl-d. 15 However, it has been reported that some species of green sulfur bacteria occasionally contain both BChls-c and d, and vary their relative contents in response to growth conditions. Broch-Due and Ormerod isolated a BChl-c containing mutant from a low-light grown culture of Chl. vibrioforme f. sp. thiosulfatophilum containing BChl-d as the main chlorosomal BChl. 16 Smith and coworkers reported the biosynthesis of BChl-c in a BChl-d containing bacterium Chl. vibrioforme f. sp. thiosulfatophilum NCIB 8327 during its cultivation over a period of four years, which was interpreted as the light-adaptation of this bacterium. 6, 17, 18 Other groups have also noted the appearance of BChl-c during the long-term cultivation of Chl. vibrioforme 6030. [19] [20] [21] 24 These results of Chl. limicola suggest that the potassium ion and/or other factors related to growth conditions could affect the methylation step at the 20-position of BChl-d, which is assumed to be catalyzed by a probable S-adenosylmethionine methyltransferase on the biosynthetic pathway of BChl-c. 23, 25 In spite of some reports, as mentioned above, on the coexistence of BChls-c and d in green sulfur bacteria, it has been ambiguous whether a single cell contains both pigments or just one of them.
Here we report the light-dependent composition change of BChls-c and d in the liquid culture of Chl. vibrioforme f. sp. thiosulfatophilum strain NCIB 8327 by means of visible absorption spectroscopy and reverse-phase HPLC, and the separation of BChl-c containing cells from those with BChl-d in the liquid culture. Genetic analyses of these two types of cells were carried out and the BChl-c containing cells were not contaminants of another bacterium but were derived from the same clone as the BChl-d containing cells. The present results will provide a clue to identifying C-20 methylase and elucidating mechanisms underlying the regulation of pigment composition in response to growth conditions.
Materials and Methods

Culture and growth conditions
Chl. vibrioforme f. sp. thiosulfatophilum strain NCIB 8327 was provided by Prof. J. Garcia-Gil, University of Girona, via Prof. K. Uehara, Osaka Prefecture University. Chl. vibrioforme was grown in the following medium (per 1 L of distilled water): KH2PO4, 2.2 g; K2HPO4, 0.5 g; NaCl, 20 g; CaCl2·2H2O, 0.05 g; Na2S2O3·5H2O, 2 g; NH4CH3COO, 0.5 g; (NH4)2SO4, 0.4 g; MgSO4·7H2O, 0.4 g; EDTA·4Na, 0.05 g; FeSO4·7H2O, 3 mg; trace elements (MnSO4·4H2O, 5.58 g; ZnSO4·7H2O, 1.44 g; Co(NO3)2·6H2O, 1.46 g; CuSO4·5H2O, 1.26 g; Na2MoO4‚H2O, 1.21 g; H3BO3, 1.55 g; EDTA·4Na, 20.6 g; distilled water, 0.5 L), 0.1 mL; vitamin B12, 20 µg; NaHCO3, 2 g; Na2S·9H2O, 0.6 g. The bacteria were grown anaerobically in ca. 30 mL screw cap glass tubes (18 mmφ) under continuous irradiation by fluorescent lamps at 30˚C in 4 -5 days. The cells were sufficiently grown in this period. Pre-cultured cells in 1/10 volume were inoculated into freshly prepared media (ca. 27 mL), and were grown again under the same conditions. These manipulations were repeated, and the visible absorption spectrum of each culture after growth was measured. Light intensity was adjusted by the number of 20 W fluorescent lamps used and the distance from the lamps. Irradiated light was widely distributed in a visible region. Light intensity at the surface of the glass tubes was measured by a Sper Scientific illumination meter 840006.
Pigment extraction
Cells were harvested by centrifugation and stored at -20˚C just before extraction. Pigments were extracted from the cell pellets by acetone/methanol (1/1, v/v). The resulting suspension was filtered and the filtrate was evaporated under reduced pressure. The dried sample was redissolved in dichloromethane and the solution was washed with distilled water (neutral pH) to remove water-soluble materials. The pigment solution was evaporated and the residue was recrystallized from dichloromethane/hexane. The BChl-c/d precipitates were obtained by filtration, washed with hexane until the filtrate was colorless, and dried in vacuo.
Pigment analysis
The dried chlorosomal BChls were analyzed by reverse-phase HPLC. For composition analysis of the mixed BChl-c/d homologs, the extracted pigments were dissolved in a small amount of HPLC eluent, and eluted on a reverse-phase column 5C18-AR-II (4.6 mmφ × 150 mm, Nacalai Tesque) with methanol/water (9/1, v/v) at a flow rate of 1.0 mL/min. The relative contents of BChls-c and d were determined from the HPLC chromatograms monitored at 429 nm, using molar absorption coefficient ε ratio in BChl-c/d at 429 nm (= 0.784); the value was estimated from the hypothesis that ε of BChl-c at the Soret peak position was the same as that of BChl-d. 26 For identification of the main BChl homologs, the extracted BChls were separated on a reverse-phase column 5C18-AR-II (10 mmφ × 250 mm, Nacalai Tesque) with methanol/water (9/1, v/v) at a flow rate of 1.0 mL/min. The isolated BChl homologs were characterized by FAB-MS.
Preparation of colonies
The liquid-cultured cells which contained both BChls-d and c with the relative contents of 55 and 45%, respectively, were spread on agar plates (Chlorobium medium containing 1.5% (w/v) agar). The plates were incubated under the light at 30˚C in an anaerobic jar (Model G code HP31, Oxide, Ltd.) equipped with palladium catalyst and a H2/CO2-generating envelope (BBL GasPak, Becton Dickinson) for 10 -12 days to allow single colonies to appear. This jar contained a tube of 0.1 g thioacetoamide to generate H2S by adding 1 mL of 0.5 M HCl. Each colony was picked up and placed in the medium in a ca. 12 mL screw-cap glass tube (16 mmφ). The cultivation was carried out under a fluorescent lamp (ca. 9 µE/m 2 s) for 10 -20 days until the color of each culture became dark green.
Apparatus
Visible absorption spectra were measured with a Hitachi U-3500 spectrophotometer. Optical density of cultures was monitored at 660 nm for estimation of growth rates with a Taitec colorimeter 518. HPLC was carried out with a Shimadzu LC-10AS pump and an SPD-M10AV photodiode array detector. Mass spectra were recorded on a JEOL HX-100 spectrometer; m-nitrobenzyl alcohol was used as a matrix.
Results and Discussion
Green sulfur bacterium Chl. vibrioforme f. sp. thiosulfatophilum strain NCIB 8327 was grown by transferring it repeatedly into a freshly prepared liquid medium under a reduced light condition (ca. 3.4 µE/m 2 s). The absorption maxima at Soret and Qy bands gradually shifted to longer wavelengths with an increase of its transfer number. which were ascribed to the in vivo self-aggregates of BChl-d. In contrast, the culture obtained after 6 transfers exhibited redshifts in the visible absorption peaks: 450 → 456 nm (Soret) and 735 → 752 nm (Qy). When the culture was further grown repeatedly at a low light intensity, the absorption spectra had the Soret and Qy bands around 460 and 755 nm, respectively, which resembled those of BChl-c containing green sulfur bacteria. Similar spectral changes in the liquid culture grown under low light conditions had been demonstrated by Broch-Due and Ormerod. 16 When the culture representing sufficiently red-shifted Soret and Qy bands after the low light cultivation was transferred back to a high light condition (ca. 61 µE/m 2 s) and continued to be grown repeatedly, the absorption maxima were gradually blueshifted along with an increase of the transfer number and resulted in almost the same ones as those of the initial culture (λmax = 450 and 735 nm). The changes in the spectral properties of Chl. vibrioforme examined here were thus a reversible process and dependent on irradiated light intensities.
The chlorosomal pigments extracted from each culture after the repeated transfers were investigated by reverse-phase HPLC. Figure 3 depicts the elution patterns of chlorosomal BChls extracted from the initial culture and the cells obtained after the repeated culturing under low light conditions. The chromatograms of pigment extracts exhibited the presence of several BChl-d and c homologs. Visible absorption spectra of all the fractions in HPLC chromatograms were measured by a photodiode array detector, and the fractions of BChl-c were easily distinguished from those of BChl-d by their absorption spectra, characteristic of BChl-c (λmax = 436 and 669 nm in methanol/water (9/1, v/v)) and d (λmax = 429 and 656 nm). 1 H-NMR and FAB-MS analyses in our recent work 14 showed that d1, d2, d3, d4, d5 and d6 fractions were 8-ethyl 
E,M]-, [E,E]-, [P,E]-and [I,E]-BChl-cF
by the correspondence of retention time to structurally determined BChl-cF isolated from Chl. tepidum. 27 In the initial culture, chlorosomal BChls consisted largely of BChl-d homologs, and BChl-c was scarcely detectable. Under a low light condition (ca. 3.4 µE/m 2 s), the composition change of BChl-d homologs first occurred. [P,E]-BChl-d (d4) was significantly increased after the first transfer (Figs. 3(A) and  (B) ).
BChl-c homologs were clearly observed in the chromatogram of the culture after the second transfer, and increased with repeated transfers. The culture after the 6th transfer contained BChl-c as a major pigment dominating up to 61%. Analyses of light-harvesting chlorosomal pigments demonstrated that red-shifts of both Soret and Qy bands of cells originated primarily from an increase in the ratio of BChl-c/d in cultures. When the culture containing BChl-c as the major pigment, thus obtained, was transferred back to a high light condition (ca. 61 µE/m 2 s) and grown repeatedly, the ratio of BChl-c/d was gradually decreased again. The amount of BChlc finally turned out to be less than 2% in total chlorosomal BChl molecules ( Fig. 3(H) ), a similar level to that of the initial culture. Hence, the composition variation of BChl-c and d in our culture of Chl. vibrioforme was a reversible process, as indicated by the change in visible absorption spectra of whole cells.
We prepared colonies on solid agar media using the culture obtained after the 5th transfer under a low light condition, which contained both BChls-d (55%) and c (45%), and again inoculated the formed colonies to liquid media. The visible absorption spectra of the liquid cultures grown from 14 colonies were classified into two patterns. One pattern (9 colonies) had the in vivo peak positions of the Soret and Qy bands around 450 and 735 nm, respectively; the other (5 colonies) had absorption bands around 460 and 750 nm. The reverse-phase HPLC analyses of chlorosomal BChls extracted from these two types of cultures also clarified typical elution profiles as demonstrated in Fig. 4 . The former type (9 colonies) exhibited the HPLC profile in Fig. 4(A) , and the latter (5 colonies) in Fig. 4(B) , although the homolog ratio of each culture was slightly different among the same type of cultures. All the fractions in Fig. 4(A) had visible absorption spectra with the Soret and Qy bands at 429 and 656 nm, respectively, and were thus attributable to BChl-d homologs, while all the fractions in Fig. 4(B) had visible spectra with 436-and 669-nm peaks, and were BChl-c homologs. No colonies examined here had both BChls-d and c. Cultures from each colony showed relatively high contents of [E,M] homologs of BChls-d (d1) and c (c1), compared to the culture used for the colony preparation (Figs. 3(F) and 4) . The ratio of the number of BChl-c containing colonies to that of all the colonies was 5/14. This value (36%) was comparable to the relative content of BChl-c in the culture after the 5th transfer (45%), which was used for the colony preparation. Fig. 5(A) . Although their growth rates were almost the same under a high light condition (Fig.  5(B) ), a probable slight difference of their growth rates, which could not be discriminated under the experimental conditions, might have caused the increase in population of BChl-d containing cells. Therefore, the change in relative amounts of BChls-c and d observed in the culture can be ascribed to the growth rates between the two cells, each of which contained exclusively one type of pigment, depending on light intensity.
Genetic characterization of cells containing BChl-c and cells containing BChl-d was performed in detail by A. Hiraishi and K. V. P. Nagashima. The results are summarized as follows: (1) The 16S rDNA sequences of the two types of cells were completely identical. (2) The level of genomic DNA-DNA hybridization between them was 99 -100%. (3) In randomly amplified polymorphic DNA analyses with five different PCR primers, they gave the same electrophoretic patterns. These indicate that the BChl-c containing cells isolated here were derived from the same clone as the cells containing BChl-d and vice versa. This means that our liquid culture representing the variation in the relative amounts of BChls-c and d dependent on light intensity has not been contaminated with any other green sulfur bacteria containing BChl-c.
The isolated BChl-c containing cells were interpreted to be a substrain derived from the BChl-d containing cells of Chl. vibrioforme NCIB 8327.
There have been few investigations that clearly proved the coexistence of both BChls-c and d in a single cell. The most convincing data seem to be found in a recent report by Steensgaard et al., 28 
